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Abstract 
We present prominent photoresponse of bio-inspired graphene-based phototransistors sensitized with 
chlorophyll molecules. The hybrid graphene-chlorophyll phototransistors exhibit a high gain of 610  
electrons per photon and a high responsivity of 610  A/W, which can be attributed to the integration of 
high-mobility graphene and the photosensitive chlorophyll molecules. The charge transfer at interface 
and the photogating effect in the chlorophyll layer can account for the observed photoresponse of the 
hybrid devices, which is confirmed by the back-gate-tunable photocurrent as well as the thickness and 
time dependent studies of the photoresponse. The demonstration of the graphene-chlorophyll 
phototransistors with high gain envisions a viable method to employ biomaterials for graphene-based 
optoelectronics. 
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1. Introduction 
Graphene-based optoelectronic devices have been attracting great attention[1-3] and have promise for 
future applications, such as solar cells, touch screens, and photodetectors.[4-6] The remarkable optical 
properties of graphene, including its linear optical absorption[7, 8], tunable band-gap,[9] and intrinsic 
photocurrent[10-13] have been demonstrated and can be integrated with other distinctively electronic 
and mechanical properties of graphene for new functionalities. Pristine graphene suffers from weak 
absorption as low as 2.3%, which fundamentally limits its applicability in photodetection. Consequently, 
various approaches, including plasmonic effects,[14, 15] photothermoelectric effects,[16] and 
sensitization by quantum dots[6, 17, 18] or bulk semiconductors,[19] have been employed to enhance 
the interaction between graphene and photons. Here, we utilize chlorophyll as light absorbing materials 
for graphene phototransistors and investigate the optoelectronic performance of the hybrid graphene-
chlorophyll devices. Chlorophyll is an organic semiconductor and is very efficient in light absorption. 
Moreover, chlorophyll, as a biomaterial, is remarkably stable[20] and abundant. Given the crucial role 
of chlorophyll in the photosynthesis process, studies of chlorophyll photosensitization may benefit 
future applications, such as organic photovoltaics,[21, 22] optical sensors,[23] and artificial 
photosynthesis.[24] Additionally, since there are many types of chlorophyll-related molecules, it is 
possible to engineer the energy level alignment such that the charge separation and transfer are 
optimized in the hybrid graphene-organic molecules systems. 
 
In this paper, we present strong photoresponse observed in bio-inspired graphene-chlorophyll devices. 
A pristine graphene/chlorophyll interface condition is achieved by employing resist-free fabrication 
with in-situ and noncovalent functionalization. A high gain and a high responsivity of the hybrid 
graphene-chlorophyll devices are demonstrated and attributed to the integration of the high-mobility 
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graphene and photosensitive chlorophyll molecules. Effective photogating effect originated from charge 
separation/transfer can account for the observed large photoresponse, which is confirmed with the back-
gate-tunable photocurrent as well as the thickness and time dependent studies of the photoresponse. 
 
2. Device Fabrication  
A detailed description of the device fabrication and functionalization of chlorophyll a (Chla) can be 
found in the supporting information (S1 and S2). We note that we have adapted careful procedures to 
ensure a pristine graphene/Chla interface. First, monolayer graphene flakes were mechanically 
exfoliated onto the octadecyltricholorosilanes (OTS)-functionalized substrates, and electrical contacts 
were fabricated by resist-free approach to achieve a high mobility and a pristine graphene surface.[25] 
Second, we performed laser annealing with excitation adjacent to the graphene devices, which greatly 
reduced adsorbed molecules on the graphene surface (see supporting information S1). Third, we 
employed controlled drop-casting[26] of Chla on-site of the cryostat with a continuous nitrogen gas 
flow. Therefore, the cleanness of the graphene surface was preserved, which resulted in an optimum 
contact condition between the Chla molecules and graphene. By following these careful procedures of 
device fabrication, we achieved reproducible results on both sensitization and optoelectronic properties 
of the phototransistors. 
 
3. Results and Discussion 
To confirm the effectiveness of surface functionalization, we performed Raman spectroscopy and 
conductivity measurement on the graphene samples. Figure 1a shows the Raman spectrum of pristine 
graphene (sample A) with an intensity ratio of 2D/G band of approximately 6 and a negligible D-band, 
which indicates the high quality of the pristine graphene. After Chla functionalization, the Raman 
spectrum reveals extra peaks in the range of 1000-1600 cm-1, which generally agrees with the resonance 
spectra of the Chla film.[27] Moreover, we characterized the devices electrically by measuring the 
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conductance (G ) as a function of the gate voltage ( GV ). Figure 1b shows the G −VG  curves of sample 
A before and after Chla functionalization, which reveals the n-type doping characteristics as GV  at the 
charge neutrality point ( CNPV ) shifts from −5V to −40V. The n-type doping of graphene suggests that 
the electrons transfer from Chla to graphene after the functionalization.  
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Figure 1. (a) Raman spectra before (black curve) and after (red curve) Chla functionalization. A group 
of Raman peaks in the range of 1000 ~ 1600 cm-1 are observed and are attributed to the Chla film. (b) 
GVG −  curves before (black curve) and after (red curve) Chla functionalization ( 100=SDV  mV). A 
reduction of mobility from 6500 to 1600 sVcm ⋅/2  for hole conduction and from 2700 to 1850 
sVcm ⋅/2  for electron conduction was observed. (c) A schematic of the graphene-Chla device on an 
OTS-functionalized substrate under illumination. (d) Photocurrent action spectrum of sample B (blue 
curve). The two-peak structure observed at about 430 nm and 690 nm generally corresponds to the 
absorption spectrum of the Chla solution (orange curve).  
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The charge transfer can be attributed to the energy level alignment of graphene and Chla, as shown in 
Figure 2b.[28] Because the Fermi level of Chla (EF,Chla ≈ − 4.1 eV) is higher than that of graphene 
(EF,Gra ≈ − 4.6 eV)[29, 30], GraFE ,  is raised when the two materials are brought into contact and the 
electrons tend to transfer from Chla to graphene. The charge transfer consequently causes both n-type 
doping in graphene and a positively charged region near the interface at Chla side.[31] Moreover, the 
positively charged region results in a built-in electric field at the interface that points toward 
graphene.[32-34] It is noted that the n-type doping of graphene is consistently observed in all 5 samples 
that we fabricated, with CNPVΔ  ranging from 30 to 35 V. Therefore, both Raman spectroscopy and 
conductivity measurements of the samples suggest the effective functionalization of Chla molecules on 
graphene. 
 
We then measured the spectral photocurrent to further examine the role of Chla molecules in the hybrid 
system. Figure 1c illustrates a schematic of a graphene-Chla phototransistor under illumination. In 
Figure 1d, we plot the photocurrent action spectrum of a test graphene-Chla device (sample B) that 
shows the Soret band (430 nm) and the Qy band (690 nm) with three vibronic bands. The shape of the 
photocurrent action spectrum of sample B generally agrees with the shape of the absorption spectrum of 
Chla in the solution phase shown in the same figure. The peaks in the action spectrum are red-shifted as 
compared with those in the absorption spectrum, which has been previously reported in ordered 
structure of Chla.[35, 36] The redshift can be attributed to the stacking of the porphyrin rings of Chla 
when it aggregates, leading to a lowering in excitation energy.[37] Hence, the above result suggests that 
the photoinduced excitation in the Chla film initiates the charge transfer, which generates the 
photocurrent in the graphene channel. 
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Figure 2. (a) Comparisons of the G −VG  curves before and after Chla functionalization at various 
stages ( 100=SDV  mV). For sample A, VCNP  shifts positively for ~17 V at an illumination power of 22 
mW/cm2. The excitation wavelength in all photoresponse measurements is 683 nm. The energy level 
alignment for (b) n-doping effect due to Chla functionalization and (c) photodoping effect under 
illumination. (d) The PL spectra of graphene/Chla (blue curve) and substrate/Chla (orange curve) 
corresponding to the positions marked as blue and orange circles in Figure 2e. (e) The OM images of 
sample A before and after Chla functionalization. (f) The photocurrent as a function of gate voltage, 
which shows a highly tunable capability. ( 100=SDV  mV) Inset: The schematics that show the direction 
of hole transfer from Chla to graphene for the hole and electron conduction regimes in graphene under 
illumination. 
 
The large photoresponse due to Chla sensitization is presented in Figure 2a, where we compare the 
GVG −  curves of the pristine graphene and the graphene-Chla device (sample A) at various stages. For 
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pristine graphene, no significant photoresponse is observed with GV  remaining at -5 V regardless of the 
illumination power. By contrast, sample A exhibits a large photodoping effect, with VCNP  shifting 
substantially toward positive GV  from -40 to -23 V. We note that the observed photoinduced doping in 
this study is larger than that in the graphene systems sensitized with quantum dots[18] and C60,[38] 
suggesting the uniqueness of the graphene-Chla system. The photoinduced carrier concentration in 
sample A can be estimated by the equation 1210≈Δ= CNPVn α  cm 2− , where α  is the carrier density 
capacitance of graphene. Furthermore, CNPV  shifts back to -40 V after the laser irradiation, revealing a 
reversible photoresponse process. 
 
Here, we propose a qualitative model to account for the observed photoresponse in our samples (Figure 
2c). The hole carriers in Chla are energetically favorable to transfer to graphene because the work 
function of graphene is smaller than the ionization potential of Chla (-4.93 eV).[39] Moreover, this 
charge transfer of the hole carriers is assisted by the built-in electric field at the interface that points 
toward graphene. Accordingly, hole carriers are photoinduced in the Chla film, and those hole carriers 
near the graphene/Chla interface are swept into graphene, which leads to efficient charge separation and 
transfer. Conversely, the electron carriers tend to reside in the Chla layer due to the existence of the 
built-in field. Therefore, the Chla film becomes more negatively charged, which induces positive charge 
and p-type doping in graphene. The observed large photoinduced doping can be attributed to efficient 
charge separation/transfer at the interface and the strong photogating effect due to the proximity of the 
charged Chla molecules to graphene. 
 
Next, we present photoluminescence (PL) and back-gate dependent photocurrent measurements that 
further support the proposed model. We compare the PL of graphene-Chla and Chla on the substrate 
(Figure 2d), which reveals an apparent quenching of PL in Chla on graphene. Because electron-hole 
pairs are generated in the Chla molecules under illumination, the PL quenching suggest that charge 
 9 
transfer occurs between the Chla film and graphene, which leads to reduction of radiative 
recombination.[40] Moreover, the back-gate dependence of the photoresponse (Figure 2f) is also 
consistent with the proposed model. We observed a strong carrier type and concentration dependence of 
the photocurrent ( darklight III −≡Δ ), where IΔ  is positive for hole conduction and negative for electron 
conduction. In the hole conduction regime ( 33−<GV  V), carrier concentration increases because excess 
holes are induced by the photogating effect, which raises the conductance of graphene and a positive IΔ . 
By contrast, the photoinduced hole carriers diminish the electron concentration, which leads to a 
decreased conductance and a negative IΔ  in the electron conduction regime ( 33−>GV  V). Therefore, 
the photocurrent of the device can be effectively tuned by back gate, and its polarity can also be 
reversed. 
 
We can obtain the specifics of the devices from the power dependence of the photoresponse. Figures 3a 
and 3b show the power dependent evolution of resistance ( R ) vs. GV  curves for the pristine graphene 
and sample A, respectively. Compared to relatively power independent CNPV  of pristine graphene, 
sample A exhibits a monotonic shift in CNPV  toward positive GV . In Figure 3c, CNPVΔ  monotonically 
increases from 0 to 17 V with illumination power, which indicates an accumulative charge transfer 
between Chla and graphene.[41] The photoinduced carrier concentration is 1210≈n  cm 2−  for 100=P  
mW/cm2. CNPVΔ  starts to level off at a high excitation power ( 1>P  mW/cm2), suggesting that the 
charge transfer begins to saturate. Regarding the transport characteristics, we observe that minimum 
conductivity ( minσ ) decreased with an increasing excitation power as shown in Figure 3d. As discussed 
earlier, the functionalization of graphene results in a positively charged Chla film, which causes charge 
inhomogeneity in graphene.[42, 43] The charge transfer in the device under illumination reduces the 
positive charging in Chla film, which leads to the reduction of charge inhomogeneity in graphene and 
its minimum conductivity (supporting information S3). Therefore, the result suggests a trend toward the 
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intrinsic state of graphene upon illumination. We note that this behavior is consistent with smaller 
doping concentration under excitation as can be seen in Figure 2a. 
 
10-4 10-2 100 102
102
104
106
G
ai
n
P (mW/cm2)
10-4 10-2 100 102
0.26
0.28
0.30
σ m
in
(m
S)
P (mW/cm2)
-80 -60 -40 -20 0 20
10-8
10-10
 P
 (W
)
 
 
VG(V)
0.5000
1.875
3.250
4.625
6.000
10-12
-50 -25 0 25 50
10-8
10-10  
 
P
 (W
)
VG (V)
10-12 0.5000
1.875
3.250
4.625
6.000
      

 

  

10-4 10-2 100 102
0
10
20
ΔV
CN
P
(V
)
P (mW/cm
2)
	
   






10-7 10-5 10-3 10-1 101 103
102
104
106
R
 (A
/W
)
P (mW/cm2)
 
Figure 3. Power dependent evolution of the GVR −  curves for (a) pristine graphene and (b) sample A, 
which shows that VCNP  shifts monotonically toward a positive gate voltage with increasing power in the 
graphene/Chla device. 100=SDV  mV for all the measurements shown in this figure. (c) The shift of 
VCNP  as a function of power density. (d) The minimum conductivity as a function of the excitation 
power. (e) The responsivity of the device is shown as a function of the illumination power and is as high 
as 1.1×106 A/W for an illumination power of 440 nW/cm2 and 55−=GV  V. (f) The photoconductive 
gain as a function of the illumination power: the highest gain reaches 6107.1 ×  at power of 440 nW/cm2 
and 55−=GV  V. 
 
Figure 3e shows the responsivity of the device as a function of the illumination power, which can be 
fitted by the equation )/( 21 PCCR += ,[6] where 1C  and 2C  are fitting parameters. The built-in electric 
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field, which causes the photoinduced doping in graphene, is reduced when more hole carriers are 
transferred to graphene under higher power (Figure 2c). This consequently results in decreasing 
responsivity at increasing illumination power. Notably, the responsivity reaches 610  A/W for an 
illumination power of 440 nW/cm2, and the device can detect a laser power as low as 500 fW. The 
responsivity in our device is comparable to that of graphene-based photodetectors previously 
reported.[17, 18] We also calculated the photoconductive gain as a function of illumination power 
(Figure 3f). The theoretical photoconductive gain thG , as defined by the ratio of the change of the 
carriers in graphene to the change of the photons illuminated, can be written as 
photon
SD
th eA
VG φ
σ ⋅Δ= , 
where σΔ  is the change in conductivity, SDV  is the source-drain bias voltage, photonφ  is the photon flux, 
and A  is the area of the graphene channel. For sample A, the optical gain is as high as 6107.1 ×  when 
the power is 440 nW/cm2 and 55−=GV  V. The high gain observed in our devices can be attributed to 
the high mobility of graphene, which yields multiple hole circulations in the graphene channel while the 
electrons remain trapped in the Chla layer by the built-in field.[6] The large photoresponse 
characteristics observed in the hybrid graphene-chlorophyll devices suggests a feasible method of 
utilizing highly stable biomaterials for graphene photosensitization. 
 
A comparison of different thicknesses of the Chla film yields further insight into the photoresponse in 
our devices. In Figure 4a, we compare the SDV  dependence of IΔ  for sample C (~50 nm) and D (~10 
nm). The characterization for the thickness of Chla film is described in supporting information S2. The 
photocurrent is found to be linearly increasing with bias voltage for VSD <  1 V. Based on Ohm’s law 
)/( σWLIVSD =  and the expression for conductivity hhen μσ =  (hole conduction), we found that IΔ  
varies linearly with SDV  and that the slope is ΔI /VSD = Δnheμh (W / L)∝Δnh . Therefore, the slope in the 
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SDVI −Δ  curves represents the magnitude of doping due to the photogating effect. We found that the 
change in carrier concentration ( hnΔ ) enhances with increasing thickness, which is apparently 
originated from the stronger photogating effect in the thicker Chla film. In Figure 4b, we show the 
power dependence of the responsivity for samples C and D, which also manifests a clear thickness 
dependence of the responsivity. Previous study on the interface between Chla and metal revealed an 
exciton diffusion length of ~18 nm in the Chla film.[44] Therefore, it is possible that the carriers can 
diffuse within the Chla film and subsequently transfer to graphene, causing the thickness dependent 
photoresponse. 
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Figure 4. (a) Photocurrent as a function of source-drain voltage for samples C (50 nm) and D (10 nm). 
(b) Comparison of the responsivity for samples C and D. The saturated responsivity of samples C and D 
are 6103.1 × and 3100.1 ×  A/W, respectively. (c) Temporal photocurrent dynamics of sample A for 
55−=GV  V and an excitation power of 22 mW/cm2. Both on and off periods are 200 ms. (d) The 
excitation power dependence of the response time ( 21 ττ < ) for light (open squares) and dark (close 
squares) periods. 
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Finally, we examined the photoresponse dynamics revealed by the time dependent measurement of the 
photocurrent. Figure 4c shows the variation of the channel current of sample A for a sequence of on and 
off periods of irradiation. In the hole conduction regime ( 55−=GV  V), the device exhibits a positive 
gain in photocurrent with photoexcitation on and a diminution after the illumination shuts off. Each time 
dependence of the photocurrent can be fitted with two relaxations (supporting information S4), and the 
power dependences of the response time ( 21 ττ < ) are shown in Figure 4d. We found that 2τ  for on and 
off follows a similar trend that remains near 10 s for all power range. On the contrary, 1τ  exhibits a 
stronger decaying tendency as the excitation power rises. Because IΔ  is associated with the carrier 
density change ( nΔ ) due to photogating, the tI −Δ  curves represent the time dependence of charging 
and discharging in the Chla film. Based on the time scale of the relaxation, it is possible that 1τ  is 
related to the photogating effect from the Chla molecules in close vicinity of graphene which leads to 
the instant photocurrent change. We observe that 1τ  decreases with increasing excitation power. This 
behavior suggests that the transient photocurrent change is related to an instant surge in the hole carrier 
concentration and resulting charge transfer, which are more intense under higher illumination power. 
We note that the observed response time of the graphene-Chla device ( 11.0,1 =ONτ  s and 45.0,1 =OFFτ  s 
for P=44 mW/cm2) is comparable to those in the graphene-PbS QDs phototransistors,[17] suggesting a 
critical role of the graphene-photosensitizer interfaces with organic Chla molecules or ligand on PbS 
QDs. Furthermore, the response time 2τ  may be correlated with the carrier diffusion and/or trapping in 
stacks of Chla molecules, which is dominated by the bulk Chla properties, such as mobility and trap 
density.[17] 
 
4. Conclusion 
We have demonstrated the prominent photoresponse and the highly back-gate-tunable photocurrent in 
the hybrid graphene-chlorophyll phototransistors. The devices exhibit a high gain of 106  electrons per 
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photon and a high responsivity of 106  A/W, which can be attributed to the integration of high-mobility 
graphene and the light-absorbing chlorophyll molecules. The charge transfer at the interface and the 
effective photogating effect in the chlorophyll layer can account for the observed large photoresponse, 
which is confirmed by the thickness and time dependent studies of the photoresponse. The 
demonstration of the graphene-chlorophyll phototransistors with high gain envisions a feasible method 
to employ biomaterials for future graphene-based optoelectronics. 
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 S1. Device fabrication of graphene-chlorophyll phototransistors 
Monolayer graphene sheets were mechanically exfoliated on the OTS-functionalized SiO2 (300 
nm)/Si substrate. The OTS-functionalized SiO2/Si substrates can effectively reduce charged 
impurity scattering due to adsorbed molecules and the phonon effect, which is coupled to the 
substrates. Consequently, graphene on OTS-functionalized SiO2/Si substrates exhibits high 
mobility, which is important for the demonstration of the large photoresponse. We applied both 
optical contrast and Raman spectroscopy to identify the single-layer graphene (SLG) sheets. We 
adopted the resist-free fabrication technique to avoid undesirable contamination through the 
lithography processes. After alignment of the SLG sheets and the shadow mask (commercial 
TEM grid) under the optical microscope (OM), we deposited electrodes with Ti/Au (5 nm/55 
nm) by using an electron-beam evaporator at a base pressure of approximately 1.0 ×10−7  torr. 
The channel length of the graphene devices is 12 μ m. 
After metallization, the graphene device was subsequently transferred into a cryostat (Janis 
Research Company, ST-500) for the initial characterization. The pressure in the cryostat is 
2.0 ×10−7  torr. Before characterization, we performed local laser annealing by focusing the laser 
(532 nm, 10 mW, spot size: 1μ m) adjacent to the device for 2 hours to remove the surface 
adsorbates, such as H2O and O2 molecules in ambient conditions. The laser intensity on the 
sample is estimated to be 2.4 mW/ μ m2. Local laser annealing is preferred over thermal heating, 
which may introduce cross contaminations from other part of the samples. 
The electrical measurements were performed by using Keithley 237 source-measurement unit 
for the DC resistance measurement ( 100=SDV  mV for all measurements) and Keithley 2400 for 
back gate voltage. In the photoresponse measurements, we chose the semiconductor diode laser 
with a wavelength of 683 nm as a coherent light source. We note that the excitation wavelength 
for all photoresponse measurements is chosen to be approximately the peak value in the 
photocurrent action spectrum to maximize the photoresponse of the samples. The laser beam was 
guided into the microscope and focused by a 10X objective and the spot size is ~10 μ m. 
Moreover, to acquire more information on the graphene/Chla phototransistor in situ, micro 
Raman spectroscopy and micro PL measurements are integrated into the transport measurement 
system. The schematic of our measurement system is shown in Figure S1. 
 
 
Figure S1. A schematic of the integrated cryostat/OM/PL/Raman/photocurrent measurement 
system. 
  S2. Chlorophyll-a modification and thickness characterization  
We chose Chla because it is a light-absorbing material that exhibits good absorption in the 
visible-light spectrum for the graphene-based phototransistor. We applied commercial Chla 
powder (Sigma Aldrich, 99.9%) and stored it in the refrigerator at −20°C . We chose ether as a 
solvent to prepare the Chla solution of 1.5 and 50 μ M following the functionalization procedure. 
In this article, we used the drop-casting method to functionalize the graphene devices with Chla 
molecules. The thickness of Chla layer can be determined by AFM with specific calibration 
procedure. 
To determine the thickness of the Chla film, we developed the following procedure. First, we 
chose a few layer graphene prepared by mechanical exfoliation. Before the Chla 
functionalization, we measured the step-height of few layer graphene by atomic force 
microscopy (AFM) (Figure S2a). Next, we fabricated Au electrodes (60 nm), followed by drop-
casting the Chla solution. It is noted that the Au electrode of this test sample can be easily 
removed because of the lack of titanium, which would serve as an adhesion layer. After 
removing the Au electrodes, we obtain a clean silica surface, which is the same reference level 
before Chla functionalization. Then, we measured the height of the Chla/graphene bilayer 
(Figure S2b). The thickness of the Chla layer can be determined by subtracting the thickness of 
the Chla/graphene bilayer from the thickness of the pristine few layer graphene. The thickness of 
sample A in the main text is characterized as 40 nm. Notably, we obtained a surface roughness of 
the Chla surface (0.37 nm) that is similar to the surface roughness of graphene (0.35 nm), which 
indicates a uniform functionalization. 
 Figure S2. The schematics of the procedure to measure the thickness of the (a) few layer 
graphene and (b) the Chla/graphene bilayer. (c) The AFM images of the few layer graphene 
(upper panel) and the Chla/graphene bilayer (lower panel). The step height and roughness before 
and after Chla functionalization are shown. 
 
S3. Power dependence of graphene transport characteristics 
We showed that the minimum conductivity decreases as the excitation power increases (Figure 
3d in the main text), which indicates a trend toward the intrinsic state of graphene. This behavior 
is consistently observed in our samples as shown in Figure S3 (upper panel), which may be 
attributed to the decreased charge inhomogeneity in graphene caused by the decrease in number 
of charged sites in the Chla film. Moreover, we observed an increasing electron and hole 
mobility with increasing excitation power, as shown in Figure S3 (lower panel). The n-type 
doping due to the Chla film results in a reduction in mobility due to charged impurity scattering. 
The charge transfer in the device reduces the n-type doping effect, which leads to a revived 
electron and hole mobility. This trend is generally valid, although sample-to-sample variation 
also exists.  
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Figure S3. Minimum conductivity (upper panel) and electron/hole mobility (lower panel) as a 
function of excitation power for samples A, C, D, and E. 
S4. Analysis of time-dependent photoresponse 
In this section, we present the dynamics of the photoresponse under different illumination 
powers and the fitting of the response time. In the high optical power region while the 
photoresponse is faster, all of the dynamics data were measured by the built-in sweep function of 
Keithley 237, which offers the fastest setting-reading cycle time as 1 ms. In our experiments, we 
adopted the setting-reading cycle of 24 ms to reduce the AC noise at 60 Hz. In Figure S4a, the 
time dependent photocurrent is recorded just after the shutter was turned on, which can be well 
fitted by two exponential functions. It is apparent that the faster photoresponse depends more 
strongly on the laser power than the slower photoresponse. Moreover, the photoresponse after 
the laser turns off (Figure S4b) exhibits similar behaviors. Figure S4c explicitly shows the turn-
on and turn-off photoresponse for sample A under 10 nW illumination. We can reasonably 
extract τ1 = 0.33s and τ 2 = 6.85s for the on time dependent photocurrent and τ1 = 0.69s and 
τ 2 = 6.73s for the off time dependent photocurrent. 
We estimate the quantum efficiency (QE) for the graphene-Chla device (sample A) based on 
the equation photonQEn φτ ××=Δ , where nΔ  is the carrier concentration transferred from 
chlorophyll to graphene under illumination; τ  is the carrier lifetime; and photonφ  is the photon 
flux illuminated on the sample.[S1] Because the photoexcited carriers that induce the 
photogating effect are mainly transferred at the fast response stage, we can estimate the QE by 
extracting nΔ  at this initial stage. For illumination power of 10 pW, the photon flux 
( 13105.1 ×=photonφ  12 −− scm ) induces an increase in charge accumulation density of 
29102.1 −×=Δ cmn  during =τ 1 second, which yields the QE of 0.008 %. Figure S4d shows the 
QE under various illumination power. We observe that the QE decreases fast when the power 
exceeds 10 nW, which may be due to the saturation of the photogating effect. 
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Figure S4. The (a) on and (b) off photoresponse dynamics are shown in various illumination 
powers from 50 pW to 1 nW. (c) The photoresponse are well fitted by two exponential functions 
for both on and off photoresponses under 10 nW illumination. (d) The quantum efficiency under 
various power. 
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